ABSTRACT Two broiler chicken experiments were conducted to investigate the effects of canola meal (CM) replacing soybean meal (SBM) in diets supplemented with carbohydrase and protease on performance and partitioning of energy. First, a 2 × 2 × 2 factorial arrangement of treatments was employed to evaluate: protein meals (CM vs. SBM), carbohydrase (none or 300 mg/kg), protease (none or 200 mg/kg), and their interactions. Each treatment was fed to 6 replicated pens of 16 male broilers (Ross 308) from d 10 to 35. In the second experiment, 32 broiler chicks were used in a 2 × 2 factorial arrangement to investigate CM and carbohydrase effects on energy partitioning. Birds were transferred into 16 closed-circuit calorimeter chambers (4 chambers/diet; 2 birds/chamber) to measure heat production (HP), metabolizable and net energy (NE) by gaseous exchange, and total excreta collection from d 25 to 28. There were no 3-way interactions among experimental factors for any of the performance parameters measured. Birds given CM diets consumed less feed, had lower BW, and exhibited higher FCR compared to the control birds (P < 0.01). Both enzymes, alone or in combination, improved final BW and FCR (P < 0.05). There was an interaction between carbohydrase and protease for FCR over the grower period (P < 0.01), in which the combination of the enzymes resulted in further improvement of FCR. Energy, DM, and crude protein digestibility values were higher in control birds (P < 0.05). There was an interaction of protein meal and carbohydrase for HP, respiratory quotient (P < 0.05), and NE:ME ratio of the diets (P = 0.06). Inclusion of CM without carbohydrase increased HP and decreased NE and NE:ME ratio of the diets (P < 0.05). Carbohydrase decreased HP and increased retained energy (P = 0.06) and NE and NE:ME ratio (P < 0.05). In conclusion, high CM in the diet negatively affects growth performance through reduction in feed consumption, nutrient digestibility, and NE of the diet, which could partly be restored by enzyme supplementation.
INTRODUCTION
In Australia, soybean meal (SBM) and canola meal (CM) are the main contributors of the protein fraction in poultry diets, representing a major cost of the finished feed. Globally, CM, the second-ranked vegetable protein meal produced after SBM, is commonly used in broiler diets as a cost-competitive source of protein. However, the low energy and protein content, and the presence of several anti-nutritional factors, including high concentrations of fiber, insoluble non-starch polysaccharides (123 vs. 92 g kg −1 in SBM), lignin, polyphenolic compounds, glucosinolates, and phytic acid in CM relative to SBM, limit its nutritional value C 2017 Poultry Science Association Inc. Received May 5, 2016. Accepted August 4, 2017. 1 Corresponding author: rswick@une.edu.au and inclusion rate in poultry diets (Khajali and Slominski, 2012; Cowieson, et al., 2016) . The digestibility of energy and amino acids in CM not only is lower than SBM, but also is more variable (Khajali and Slominski, 2012) . This variability in the nutritional quality of CM has been attributed to agronomic conditions, oil extraction method, temperature, and moisture during oil extraction procedures and subsequent processing of the meal (Spragg and Mailer, 2007) . For example, solvent and expeller extracted meals tend to be higher in heat damaged protein and fiber than cold-pressed meals that have not been heat conditioned or gone through the desolventising process and typically contain more residual oil and fewer Maillard reaction products (Classen et al., 2004; Spragg and Mailer, 2007) .
Exogenous enzymes have been routinely used to improve the uniformity of diets when ingredient variability is perceived to be a factor limiting predictability 3960 of broiler performance. The anticipated improvement in productive traits by exogenous enzyme application has been reported to be closely associated with improvement in nutrients and energy utilization (Olukosi et al., 2008) . Metabolizable energy (ME) has long been used to express energy utilization in poultry. The effect of carbohydrase application in broiler diets on performance indices and ME has been inconsistent. Some studies have reported improved productivity with dietary carbohydrase through improved ME (Bedford and Schulze, 1998; Meng et al., 2005) . However, other reports have shown dietary carbohydrase to improve growth performance without any changes in the ME value of the diet (Hong et al., 2002; Wu et al., 2004) .
The ME system in poultry accounts only for the energy loss being measured in excreta, but the energy loss through heat increment (HI) and heat production (HP) is not being considered (Noblet et al., 2015) . In this regard, accounting for the net energy (NE) might be a more sensitive measure of energy utilization than ME in response to dietary enzyme supplementation of poultry feed because it takes into account the efficiency of utilization of ME for growth (Olukosi et al., 2008) . Fiber rich feedstuffs have been reported to affect energy partitioning of the diet through increased HP and consequently decreased NE of a feed (Noblet et al., 1994) . The nutritive value and ME content of CM, as a highfiber protein meal, for broiler chickens have been well investigated (Perez-Maldonado, 2002; Woyengo et al., 2010; Toghyani et al., 2014 and , but the information concerning the possible impact of CM at a high inclusion level on the NE value of broiler diets is sparse.
Thus, the objective of the present study was to investigate the effect of a microbial multi-carbohydrase obtained by fermentation from Aspergillus aculeatus (Ronozyme R VP, DSM, Singapore) and a microbial mono-component serine protease from Nocardiopsis prasina expressed in Bacillus licheniformis (Ronozyme R ProAct, DSM, Singapore) in diets containing a high level of expeller-extracted CM on productive traits, nutrient digestibility, and partitioning of energy in broiler chickens.
MATERIALS AND METHODS

Birds and Experimental Diets
The study procedures were reviewed and approved by the University of New England Animal Ethics Committee to ensure compliance with welfare and humane practices . A total number of 768 dayold Ross 308 male broiler chicks was obtained from a commercial hatchery. Chicks were reared and housed in an environmentally controlled room bedded with fresh wood shavings and ad libitum access to a broiler starter diet containing 3.5% expeller CM (Table 3) and water for the first 10 days. On d 10, after 3 h fasting, chicks were weighed and randomly allocated to 48 floor pens with 16 birds per pen. Each pen had fresh wood shav- ings to a depth of approximately 8 cm and was equipped with a single tube feeder and 2 nipple-cup drinkers. Room temperature, the lighting program, and ventilation followed the recommendations set forth in the Ross 308 breed management manual (Aviagen 2014) . All the pens were checked for mortality twice a d, and feed intake was corrected for mortality for each period.
Based on a completely randomized design, the pens were allocated to 8 dietary treatments with 6 replicate pens per treatment, employing a 2 × 2 × 2 factorial arrangement of treatments. Factors were: protein meal-SBM or CM (dietary inclusion of CM at 22.1 and 25.6% in grower and finisher diets, respectively); carbohydrase (none or Ronozyme R VP, 300 mg kg −1 feed), and protease (none or Ronozyme R ProAct, 200 mg kg −1 feed; 15,000 PROT units kg −1 ). The enzymes were supplied by DSM Nutritional Products Ltd. Singapore. Ronozyme R VP has been declared to have an endo-glucanase activity of 15 FBG units kg −1 (fungal beta-glucanase) and also to contain various hemicellulase and pectinase activities by the manufacturer. The expeller-extracted canola meal (ECM) sample was analyzed for chemical, amino acid, and non-starch polysaccharide (NSP) composition (Tables 1 and 2) prior to formulating the experimental diets. The ME and amino acid digestibility of the ECM sample was previously determined via bioassays, and those values were used to formulate the current diets (Toghyani et al., 2014 and . All the diets were formulated to be iso-caloric (on an ME basis) and iso-nitrogenous, (for CP, Lys, Met, Thr, and Arg) for each growth phase to meet the nutrient specifications and digestible amino acid requirements as recommended for Ross 308 (Aviagen 2014; Table 3 ). Each diet was mixed and cold pelleted (65 • C) to pass through a 3 mm die and was offered to birds for ad libitum consumption over the grower (10 to 24 d) and finisher (24 to 35 d) periods.
Measurements
Following determination of BW at d 10, BW and feed intake (FI) were determined for the grower and finisher periods, with BW gain, FI, and mortality-corrected feed conversion ratio (feed:gain) calculated for d 10 to 24; d 24 to 35, and d 10 to 35. On d 24 and 35, 3 chicks per pen with a BW close to pen mean weight (18 birds/treatment) were selected and euthanized by CO 2 asphyxiation. The contents of the ileum (portion of the small intestine from Meckel's diverticulum to approximately 1 cm proximal to the ileocecal junction) were gently flushed out with ultrapure water and pooled per replicate pen, then frozen and stored at −20
• C until processed for digestibility analyses. The digesta content from the jejunum (beginning of jejunum to Meckel's diverticulum) was collected into Eppendorf tubes, stored on ice, and immediately transferred to the lab for viscosity analyses. The cecal content from each replicate pen also was pooled and collected into ice-cooled containers and then stored at −20
• C for measurement of short-chain fatty acids. The birds euthanized on d 35 were scalded and defeathered in a plucking machine, then the whole carcass, abdominal fat, liver, gizzard (with and without the content) were collected, weighed, and calculated as a percentage of live BW.
Indirect Calorimetric Measurement
Simultaneous to the first experiment, a second experiment was conducted to investigate the effect of CM inclusion and carbohydrase supplementation on energy utilization of the grower diet. Accordingly, a total of 32 broiler chicks from the same batch of birds was used in a 2 × 2 factorial arrangement of treatments with CM (none or 22.1% of the diet) and with or without carbohydrase supplementation (Ronozyme R VP, 300 mg kg −1 diet) as experimental factors. On d 21, birds from the corresponding pens with a BW close to the average of the respective experimental treatment (2 birds/pen) were transferred into 16 closed-circuit calorimetric chambers set up in a climate-controlled room (4 chambers per diet with 2 birds per chamber) to measure HP, ME, and NE by gaseous exchange and total collection of excreta, from d 25 to 28, following a 3-day acclimatization period.
Details of the operational procedures of calorimetric chambers have previously been reported by Swick et al. (2013) and Barekatain et al. (2014) . Briefly, the O 2 consumption (L) was calculated as the difference in weight of the oxygen cylinder at the beginning and end of each run, and subsequently converted to volume using the oxygen density of 1.331 g/L. Carbon dioxide was trapped in 32% KOH and determined gravimetrically using barium precipitation as described by Annison and White (1961) . The amount of O 2 consumed and CO 2 produced was used to calculate HP, using the Brouwer (1965) equation without correction for urinary nitrogen excretion. The respiratory quotient (RQ) of the 3-day run was calculated as volume of CO 2 produced to the volume of O 2 consumed.
ME and NE Determination
During the 3-day measurement period in the chambers, feed consumption and excreta weights were recorded daily and used to calculate energy intake and excretion. Multiple subsamples were collected and homogenized from the total amount of excreta at the end of the experiment. The ME of the diets was determined using the following equations: ME(kcal/kg) = (GEI − GEE)/FI Where: GEI is the gross energy intake, GEE is the gross energy output of excreta (kcal/kg DM), and FI is the feed intake (kg).
NE intake and NE of the diets were calculated as described by Noblet et al. (1994) . Briefly, the fasting heat production value plus the retained energy (RE) in birds gave NE intake. Therefore, RE (kcal/d) was calculated by subtracting HP (kcal/d) measured by gaseous exchange in the chambers from metabolizable energy intake (MEI; kcal/d). A fasting heat production (FHP) value of 450 kJ/BW 0.70 per d was used corresponding to the asymptotic HP (at zero activity) as estimated by Noblet et al. (2015) . RE as kcal/d was calculated by deduction of HP (kcal/d) from MEI (kcal/d). The NE value of the diet was then calculated as kcal/kg feed as follows:
Where: NE is net energy as kcal/kg DM feed, RE is retained energy (kcal/d), FHP is fasting heat production (kcal/d), and FI is feed intake (kg/d DM).
Chemical Analyses
The diets, excreta, and digesta DM were analyzed in duplicate (method 930.15; AOAC, 1990) . The gross energy contents of feed, excreta, and digesta samples were determined on a 0.5-g sample using an adiabatic bomb calorimeter (IKA R Werke, C7000, GMBH and CO., Staufen, Germany) with benzoic acid as standard. The nitrogen contents of feed and digesta samples were determined on a 0.25-g sample in a combustion analyzer (Leco model FP-2000 N analyzer, Leco Corp., St. Joseph, MI) using EDTA as a calibration standard, with crude protein being calculated by multiplying percentage N by a correction factor (6.25). Proximate analyses of the CM and diet samples were conducted according to AOAC international (2006) by methods 920.39 (for crude fat), 982.30 E (for total lysine), 975.44 (for reactive lysine), 978.10 (for crude fiber), 973.18 (for neutral detergent fiber [NDF] and acid detergent fiber [ADF]), and 942.05 (for ash). Hemicellulose content was calculated as the difference between NDF and ADF. The neutral detergent insoluble nitrogen (NDIN) was determined by measuring the nitrogen content of the insoluble fraction obtained from the NDF assay. The glucosinolate content of the meal was determined by colorimetric analyses using a spectrophotometer according to the method described by Thies (1982) with the use of tetrachloropalladate as the highly specific regent for glucosinolates. The amino acid content of CM and diets was analyzed according to AOAC (1990) by method 982.30 at Evonik nutrition lab in Singapore.
The NSP composition of the CM and experimental diets was determined by gas chromatography (Varian analytical instrument, Palo Alto, CA) according to the method described by Englyst and Hudson (1987) and Theander and Westerlund (1993) and reported as g kg −1 dry matter content. Cecal concentrations of short chain fatty acids were measured according to the method described by Jensen et al. (1995) .
To determine digesta viscosity, the fresh individual digesta samples from the jejunum were centrifuged at 12,000 × g for 10 min at 4
• C, and about 0.5 mL of supernatant was used to measure viscosity with a Brookfield DVIII viscometer (Stoughton, MA) at 25
• C with a CP 40 cone. The shear rate was from 5 to 500 s −1 , over which the samples did not exhibit shear thinning.
Titanium dioxide concentrations were determined in triplicate and duplicate for diets and digesta samples, respectively, by colorimetric method as fully described by Short et al. (1996) . The ileal digestibility of nutrients was calculated using the indigestible marker as follows:
Statistical Analyses
All data derived from both experiments were checked for normal distribution prior to conducting statistical analyses. Data from the first and second experiments were subjected to 3 and 2-way ANOVA analysis as a 2 × 2 × 2 or 2 × 2 factorial arrangement of treatments, respectively, using the General Linear Model procedure of SAS 9.3 package (SAS Institute Inc., 2010) to assess the main effects of protein meal, carbohydrase, and protease supplementation, and their interactions. Each single pen was considered as an experimental unit, and the values presented in the tables are means with pooled standard error of mean (SEM) (n = 48). When a significant effect of treatment was detected, Tukey's HSD test was used to make pairwise comparisons between means. Significant values were based on P < 0.05; P-values > 0.05 and < 0.10 were discussed if data suggested a trend. To standardize traits of energy metabolism including ME, RE, and HP, body weight was raised to the power of 0.70 (Rivera-Torres et al., 2010; Noblet et al., 2015) . Tables 1 and 2 summarize the insoluble NSP. Arabinose and galactose were the most abundant sugars, constituting up to 50.4 and 20.9% of the total NSP content of the meal, respectively. The analyzed nutrient composition and amino acid content of the experimental diets are presented in Tables 3 and 4 . The total amino acid content of the CM diet was lower than SBM diets for both phases by approximately 1.0 percentage unit. The CM diets had higher contents of crude fiber and crude fat compared to SBM diets. In addition, the sulphur content of the CM diets was higher by nearly 0.1 percentage unit than the SBM diets, while SBM diets had a higher potassium content, resulting in lower dietary electrolyte balance in CM diets. Table 5 shows the analyzed NSP composition (excluding uronic acid) of the experimental diets. Arabinose and xylose were the predominant sugars in all the diets, and corresponding to the protein meal source of the diets, the SBM based diets had higher concentration of galactose than the CM based diets.
RESULTS
Nutrient and Amino Acid Content of Canola Meal and Experimental Diets
Growth Performance and Carcass Traits
Results of performance parameters are given in Table 6 . There were no 3-way interactions of experimental factors for any performance parameter measured on d 24 or 35 (P > 0.05). Body weight was greater (P < 0.001) in birds fed SBM diets on d 24 and 35 than those fed the CM diets. Feed intake was significantly lower (P < 0.001) in birds fed CM diets on d 24 and 35 compared to those fed SBM diets. Moreover, birds fed CM diets had a higher FCR during the grower period (P < 0.001) and entire production period (P < 0.01). None of the enzymes interacted with the protein meal source for performance parameters (P > 0.05). Both carbohydrase and protease either alone or in combination increased body weight on d 35 (P < 0.05) and improved FCR, regardless of protein meal source (P < 0.01) compared to non-supplemented groups. In addition, there was an interaction between carbohydrase and protease for FCR over the grower period (P < 0.05), so that the combination of the 2 enzymes resulted in a further improvement of FCR, compared to when administered individually. Table 7 shows carcass yield, selected organ weights as a percentage of body weight, and digesta viscosity on d 24 and 35. Carcass yield was higher in birds fed diets containing SBM compared to CM (P < 0.01) but was not affected by the enzymes or their interactions. Relative liver weight to body weight was higher in birds fed CM compared to SBM (P < 0.01). Full gizzard relative weight was higher in birds fed CM compared to 
Nutrient Digestibility and Ceca Short Chain Fatty Acid Concentrations
As shown in Table 8 , inclusion of CM in the diet reduced DM digestibility on d 35 and energy and crude protein digestibility on d 24 and 35 (P < 0.05). Carbohydrase supplementation improved energy digestibility, and protease enhanced protein digestibility for both ages tested (P < 0.05). Protein meal source and carbohydrase tended (P = 0.081) to interact for CP digestibility on d 24, when the digestibility values increased by carbohydrase supplementation in CM diets but not in SBM diets. Combination of the 2 enzymes tended (P = 0.068) to hinder the effect of carbohydrase on improved energy digestibility on d 24, resulting in an interaction between carbohydrase and protease.
There was no significant (P > 0.05) effect of enzyme supplements or their interactions with protein meals on concentrations of short chain fatty acids measured in cecal contents. The cecal concentrations of acetic, butyric and valeric acids on d 35 were higher in birds fed the SBM diets (P < 0.01), and propionic acid was higher both on d 24 and 35 (P < 0.05) compared to CM fed birds (Table 9 ).
Partitioning of Energy
Data for energy utilization results are presented in Table 10 . Consistent with the results of the first experiment, birds in CM diets had lower FI and body weight gain than their counterparts fed the SBM diets (P < 0.05). Although the ME of the diets was not influenced by the experimental treatments, inclusion of CM decreased MEI and RE (P < 0.01). There was an interaction between protein meal source and carbohydrase supplementation for the volume of O 2 consumption, RQ, HP (P < 0.05), and NE:ME ratio of the diets (P = 0.065). Carbohydrase in the diet reduced HP (kcal/b/d) and consumption of O 2 (daily per kg of BW 0.70 ) and increased the RQ in the birds given CM diets. The HI values (kcal/kg BW 0.7 ) tended (P = 0.056) to be lower in birds fed the carbohydrase supplemented diets independent of protein meal source. Birds fed nonsupplemented CM diets had lower NE and NE:ME ratio than the birds fed the SBM control diet (P < 0.01). Carbohydrase supplementation increased (P < 0.05) NE and tended (P = 0.06) to improve RE per bird.
DISCUSSION
Growth Performance, Carcass Characteristics, and Nutrient Utilization
Apart from the anti-nutritional factors present in CM, the low and highly variable energy and AA digestibility are also known to restrict its high inclusion rate in poultry diets (Khajali and Slominski, 2012) . The ME content, CP, and amino acid digestibility of the CM sample used in the present study were previously determined using corresponding bio-assays and reported in Toghyani et al. (2014 Toghyani et al. ( , 2015 . Consequently, the formulated CM and SBM diets in the present study were iso-caloric and iso-nitrogenous (for CP, Lys, Met, Thr, and Arg), and the glucosinolate content of the CM diets was determined to be less than 4 μmol g −1 of the diet, which is within the tolerance level for young broilers (Mawson et al., 1994) . Accordingly, it was expected that birds on high CM diets would have identical performance as those fed the SBM based diets. However, birds offered CM diets consumed less feed and exhibited higher FCR and lower body weight gain than birds fed the SBM diets.
As suggested by Woyengo et al. (2011) , these results could partly be explained in the light of lower FI observed in birds offered CM diets. The lower feed consumption could be linked to the higher fiber and sulphur contents of CM diets compared to SBM diets (approx. 33.3% higher sulphur and 48.6% higher crude fiber in CM diet vs. SBM diets). The gizzard plays an important role in initiation and termination of FI by influencing the flow of feed from the crop and influencing satiety by mediating vagal and humoral signals (Chaplin et al., 1992) . In the present study, the relative gizzard weight of birds in the CM diets was significantly higher than that of birds offered the SBM diets. However, when the gizzard contents were emptied and re-weighed, weight differences disappeared. This suggests that CM increased gizzard filling due to its higher dietary fiber, which could have affected voluntary intake. In addition, the fiber fraction in CM differs from SBM in composition. Although the NSP contents in all the experimental diets were largely similar, with regard to the composition, the SBM diets had higher galactose content, whereas CM diets had higher concentrations of arabinose. The total NSP content of CM (including uronic acid) is higher than that of SBM (approx. 40 g kg −1 ) (Meng et al., 2005; Cowieson et al., 2016) . The NSP content of feed can affect nutrient digestibility, both directly due to physical hindrance and indirectly due to physiological changes in the gut, such as increased digesta viscosity (Meng et al., 2005) . The higher digesta viscosity and the reduced DM, energy, and protein digestibility were evident in birds fed the CM diets on d 35.
The phenolic compounds in CM can also reduce feed palatability, increase endogenous loss of amino acids, and form complexes with protein and proteolytic enzymes in the gut, and consequently reduce protein digestibility (Khajali and Slominski, 2012) . According to the data published by Ravindran et al. (1999) , CM has a higher phytic acid content than SBM, (26.24 vs. 16 .67 g kg −1 ), and the relationship between phytic acid with impaired nitrogen utilization is well established in poultry, as it forms insoluble complexes with proteins, amino acids, and several minerals to make them biologically unavailable (Cowieson et al., 2006) . It has been Means in a column not sharing a superscript differ significantly at P < 0.05. 1 VP = Carbohydrase enzyme supplemented at 300 mg/kg of diet; ProAct = Protease enzyme, supplemented at 200 mg/kg of diet.
2 Data are means of 6 replicate pens with 3 pooled ileal digesta samples per pen.
suggested that the fiber content of the diet can reduce the digestibility of protein and energy in high canola meal diets (Kocher et al., 2000) . In the same vein, Landero et al. (2012) also observed a decrease in the nutrient digestibility of DM, CP, and energy with high inclusion of CM in piglet diets, and attributed this decrease to high fiber content of CM. Likewise, previous studies also have reported that increasing the dietary level of CM sourced from either solvent-extracted or expeller-extracted meal beyond 20% inclusion reduced FI and body weight gain (Woyengo et al., 2011; Gopinger et al., 2014) . Birds given high CM diets had lower carcass yield and higher liver relative weight. Enhanced liver metabolic activities due to increased activity of detoxification enzymes to degrade products of dietary glucosinolates introduced by CM diets may have resulted in an increased liver size. Similarly, Newkirk and Classen (2002) and Woyengo et al. (2011) have reported increased liver weight of broilers with high inclusion of CM in the diet. Woyengo et al. (2011) further speculated that increased liver size in CM fed birds implies increased utilization of dietary energy for maintenance at the expense of growth, which could result in reduced performance parameters. In the present study, a possible explanation for the lower carcass yield of CM fed birds might be explained by their lower protein digestibility vs. their counterparts fed SBM diets. Similarly, Khajali et al. (2011) reported lower carcass yield when SBM was entirely substituted by CM. This decline in carcass yield was attributed to the lower arginine (Arg) content of CM diets, since Arg is the precursor of several growth factors, such as putrescine, spermine, and spermidine (Khajali and Wideman, 2010 ). In the current study, diets were formulated to meet the Arg requirement according to the strain guidelines, yet the lower protein digestibility of CM diets could have affected Arg bio-availability for the birds.
The efficacy of exogenous enzymes in diets based on CM and/or SBM has been previously reported and there is considerable evidence to support their beneficial effects on bird productivity (Adeola and Cowieson, 2011) . As discussed earlier, the presence of NSP, condensed tannins, and phytic acid in CM could have had an adverse effect on nutrient digestibility of CM diets. Both carbohydrase and protease supplementation increased ileal energy and protein digestibility, respectively. Nutrient digestibility values indicate that the improvement in feed efficiency resulted from increased ileal digestibility of nutrients, suggesting that the added enzymes improved energy and protein availability to support more efficient chick growth. Although there was no specific advantage for carbohydrase, protease, or their combination for CM diets over SBM diets, the magnitude of the response on CM diets was greater than that of SBM diets in terms of feed efficiency, BW gain, and nutrient digestibility. The multi-component carbohydrase used in the current study has been declared to possess pectinase and hemicellulose activities, thus it should have been more effective on CM diets, as higher contents of pectin and hemicellulose are found in CM than in SBM (Bach Knudsen, 1997) . Carbohydrase supplementation tended to be effective in increasing protein digestibility of the CM diets on d 24 (approximately 3.0% higher CP digestibility in CM diets with carbohydrase vs. 1.5% in SBM diets with carbohydrase, compared to carbohydrase-free diets). Apparently, the higher availability of substrate from CM diets could have affected the magnitude of response to exogenous carbohydrase in terms of CP digestibility. The disruption of cell wall integrity and release of encapsulated nutrients such as starch and protein bodies most likely contributed to the overall improvements with the multi-carbohydrase enzyme supplementation observed in the current study. Previous studies also have reported improved energy, protein, and amino acid digestibility by supplementation of multi-carbohydrase to broiler chicken diets (Meng et al., 2005; Woyengo et al., 2016) . Considering the combination of the enzymes, the effect of the 2 enzymes on performance parameters was rather overlapping than being synergistic. Nonetheless, the combination of the enzymes resulted in an additive improvement of FCR over the grower period. Both carbohydrase and protease decreased digesta viscosity on d 35, independent of protein meal source.
The effects of NSP degrading enzymes on animal performance, especially in broiler chickens, is proposed to be caused by a reduction in digesta viscosity through depolymerization of viscous NSP, as reduced viscosity improves nutrient absorption (Le et al., 2013) .
Apart from improved protein digestibility, the protease supplement used in this study was also effective in sparing more energy from CM diets. Compared to protease-free diets, an approximately 2.0 percentage unit increase in energy digestibility was observed in birds given the CM diets with protease. Similarly, Cowieson et al. (2016) attributed the beneficial effects of exogenous protease to both enhanced protein and energy digestibility and also improved absorptive dynamics of the gut in broiler chickens. However, in their study, the positive effectiveness of protease in improving performance was observed only in birds fed the SBM diets and not the CM diets. The differences in effects of protease on nutrient digestibility and consequently growth performance between the present study and that of Cowieson et al. (2016) could in part be due to the differences in basal diet (corn vs. wheat) and the source of CM used, as the content of cell wallencapsulated nutrients, and consequently effectiveness of exogenous enzymes could be different among differently processed meals (Woyengo et al., 2016) . Moreover, amino acid balance is essential for both protein accretion and for specific metabolic functionality . The CM diets in our study were balanced out for Arg, while this was not the case in the Cowieson et al. (2016) study, and, as suggested by the authors, the differences in protease-mediate effects on performance may be associated with the underlying differences in amino acid profile between the SBM and CM diets.
Cecal Short Chain Fatty Acids (SCFA)
The SCFA are known as the major end-products of fermentation processes occurring in ceca, which are produced through degradation of NSP (by endogenous enzymes), other undigested carbohydrates, and also by the enzymes produced by cecal microflora (Jozefiak et al., 2004 ). In the current study, the acetic acid concentration was higher at both ages compared to propionic and butyric acids, regardless of diet type. This is consistent with previous reports showing that acetic acid is the most abundant SCFA, and its production starts early and is present at 3 d of age in chickens, while propionic and butyric acids are often detected after 12 d of age (Lan et al., 2005 ). In the current study, none of the enzymes alone or in combination had a statistically significant impact on SCFA production in ceca. Several studies have documented that the effect of cereal type such as rye, triticale, and wheat on ceca fermentation is greater than that of enzymes (Choct et al., 1999; Jamroz et al., 2002; Jozefika et al., 2007) . Apparently, as all the experimental diets in the current study were wheat based and supplemented with xylanase, the carbohydrase and protease supplementation failed to induce any marked effect on SCFA production. However, higher concentrations of SCFA in ceca, particularly on d 35, were detected in birds fed the SBM based diets compared to those on CM based diets. The NSP content of both SBM and CM diets were broadly similar, but part of the oligosaccharides, mainly raffinose and stachyose, (50.6 g kg −1 in SBM vs. 20.0 g kg −1 in CM) present in SBM diets could have escaped intestinal digestion in the upper parts of the gut and entered the ceca as fermentable substrates, thus resulting in higher SCFA concentrations. The higher feed intake of broilers fed the SBM-based diet also could provide more readily fermentable nutrients available in the ceca for SCFA production via fermentation (Walugembe et al., 2014) .
Partitioning of Energy
Birds fed non-supplemented CM diets generated more heat and retained less energy compared to their counterparts fed non-supplemented SBM diets. Consequently, the NE of the diet was lower in CM diets without carbohydrase supplementation. Heat production was decreased by carbohydrase to a greater extent in birds fed the CM diets, resulting in an interaction between diet protein source and exogenous carbohydrase. The enzyme addition also increased RE and decreased HI. The higher HP and lower NE in birds fed the CM diet could be attributed to the higher fiber content of the CM diet. It has been suggested that increased weight of visceral organs in birds fed highfiber diets would result in increased HP and energy expenditure (Spratt et al., 1990; Jørgensen et al., 1996) . The favorable effect of Ronozyme R VP, as a multi-carbohydrase enzyme targeting cell wall structures of vegetable protein sources, on the nutrient encapsulating effect of cell wall polysaccharides could have alleviated the negative impact of high dietary fiber of the CM diets on the efficiency of energy metabolism. Likewise, Olukosi et al. (2007) reported that a combination of exogenous enzymes (xylanase, amylase, protease, and phytase) effectively improved NE of the diet in broiler chickens. Moreover, energy expenditure by visceral organs constitutes a high proportion of total energy requirement by an animal, and the expenditure of energy in these organs is positively correlated with their masses (Ferrell, 1988) . Therefore, the increased liver size (and hence its metabolic activities) due to CM inclusion implies increased utilization of dietary energy for maintenance at the expense of growth. Another possible mechanism by which CM increased heat production includes increased metabolic activity (Woyengo et al., 2011) in the liver, as evidenced by increased liver size in the current study.
The NE:ME ratios measured in the current study varied over an acceptable range and were quite comparable to the ratios previously reported in broiler chickens (Swick et al., 2013; Barekatain et al., 2014; Carré and Juin, 2015) . Nonetheless, in contrast to our results, Carré and Juin (2015) showed that the proportion of ME transformed into HP did not markedly change between different diets and reported that the NE:ME ratio of the diet was not affected by diet composition in broiler chickens. However, in their experiment the NE values were estimated using the body analysis method based on the determination of growth, FI, and deposition of lipid and protein. In line with the current findings, Barekatain et al. (2014) also showed that high inclusion of sorghum distillers dried grains with solubles (DDGS) as a fibrous feed ingredient in broiler chicken diets increased HP and lowered NE of the diet when measured by indirect calorimetric method, and supplementation of a mixture of carbohydrases and protease in DDGS-containing diets increased the NE of the diet. Such discrepancies between methods in determining NE of the diet have previously been observed and reported in pigs (Quiniou et al., 1995) and broiler chickens .
CONCLUSION
The most obvious finding arising from these studies is that high inclusion of expeller CM in broiler chicken diets negatively affects productive traits through reduced FI, compromised nutrient digestibility, and lower NE. Enzyme supplementation of birds offered high CM diets could to some extent restore the reduced feed efficiency and weight gain. Furthermore, energy partitioning data suggest that NE appears to be more sensitive than ME when assessing energy utilization responses to carbohydrase in broiler chickens. However, the ability of carbohydrase, protease, or their combination to completely overcome the negative impact of high CM in broiler diets is still limited and, therefore, the desired growth performance and the cost of CM should be considered to determine the optimum inclusion level of CM in broiler chicken diets.
